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Figure 1.1: Source-to-sink concept illustrating the connection of the onshore sediment production 
area and the deposition of sediments in the deep sea, mainly in submarine fans, thereby forming 




??????????Fig. 1.2?????????????????? ????????????????????????????????????????????????????? ????
??????????????? ??????? ??????????????????????? ?????????????????? ?????????????????????
??????????? ???????????????????????????????????????????????????????? ????????????????????????????
?????????????????????????????????????????????????????????????????????????????????? ???????????????
???????Galy and France-Lanord, 2001; Mohtadi et al., 2016;?Tada et al., 2016; Wang et al., 
2017??? ????????????? ??????????????????????????????????????????????????????????????????????????
?????????????????????????????????? ???????????????????????????????????????????????Clift et 
al., 2008; Molnar et al., 2010; Chatterjee et al., 2013; Tada et al., 2016??????????????????? ????
???????????????????????????? ????????????????????????????????????????????????????? ?????????????








Figure 1.2: Size-comparison of the Bengal Fan, the largest submarine fan system on Earth, with 
some other large submarine fan systems (e.g. the Indus Fan, the second largest fan on Earth. 
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Figure 1.3: Overview map of the working area at the lower Bengal fan (around 8°N), the acquired 
seismoacoustic dataset utilized in this thesis, and IODP Expedition 354 drill sites (U1449-U1455). 
MCS: Multichannel seismic data. Blue lines: SO93 data; red lines: SO125 data (GeoB97-); black 
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Figure 1.4: 3D-view of a surface channel-levee system of the Bengal Fan highlighting the complex 
interaction of lateral channel migration, channel avulsions, the formation of cut-off loops and ter-








1.2.1? Evolution and architecture of channel-levee systems 
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Figure 1.5: Schematic sketch of the relation of the equilibrium profile of a channel to the actual 
slope profile generating areas of potential erosion or accommodation of a channel. Modified after 
Kneller, 2003.  
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Figure 1.6: A: Schematic sketch of a submarine channel flanked by wedge-shaped levees depos-
ited via overspill. B: Complete inertial overspill: The whole current escapes the channel confine-
ment at channel bends. C: Flow stripping (or partial inertial overspill): The upper, less dense, part 
of the flow spills over at channel bends. D: Complete overspill: Overspill at both channel sides 
where the turbidity current height exceeds the channel relief. Modified after Hansen et al., 2015. 
?
?
Figure 1.7: Schematic sketch of the downslope evolution of the sand-mud ratio. The turbidity cur-
rent traversing the channel is vertically stratified with the coarse fraction transported at the base of 
the flow. With every overspill event of the upper, more dilute part of the flow, the relative amount 
of sand increases. Where levee height and height of the high-density part of the flow are alike 
(channel-lobe transition zone) sand can overspill and lobes are deposited. Modified after Posa-
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Figure 1.8: Physical model of a sinuous channel bend (Kane et al., 2010). A: 3D-view of the channel 
bend after 5 flow events. B and C: Transects (see A for location) through the channel and overbank
deposits after 5 flow evens. B: Proximal transect at a straight channel section. Both, levees and
channel fill are approximately symmetric. C: Transect at sinuous channel section. Asymmetric lev-
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Figure 1.9: Overview map of the Bengal Fan in the northern Indian Ocean and the major onshore 
sediment delivering rivers, the Ganges and Brahmaputra. Blue isolines indicate the total sediment 
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Figure 1.10: Overview map of the Bengal Fan (outline indicated by blue line). The Bengal Fan is
under-lain by the 85°E ridge and Ninetyeast Ridge (vertically striped features). The surface chan-
nels (solid black and red lines, W1-W6, AC (Active Channel), and E1-E7) highlight the characteristic 
tributary pattern of the Bengal Fan. Green stippled lines: Subdivision of the fan into upper, middle
and lower fan based on the fan slope. SoNG=Swatch of No Ground. Fan outlines, surface chan-
nels, fan subdivision, and tectonic features redrawn after Curray et al., 2003, Bastia et al., 2010a,
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Figure 1.11: Paleogeographic reconstruction presented by Chatterjee et al., 2013 illustrating the 
plate tectonic situation at ~65 Ma after the collision of the Indian Plate with the Kohistan-Ladakh 
arc in the Late Cretaceous (~80 Ma) (left) and the initial collision of India and Asia in the Early 
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Figure 1.12: Interpreted line drawing of multichannel seismic Profile GeoB97-020+27 (Schwenk 
and Spieß, 2009) crossing all seven IODP Expedition 354 drill sites (indicated in red). Gray: Chan-
nel-levee systems. Age assignments from Schwenk and Spieß, 2009, based on DSDP Site 218. 
Modified after Schwenk and Spieß, 2009. 
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Figure 1.13: The concept of subfan formation on the upper Bengal Fan in the Quaternary introduced 
by Curray et al., 2003. The migration from one subfan to another represents major depocenter 
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???????????????????????Fig. 1.12?? ?Schwenk and Spieß, 2009??????????????????????????????
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?????????????????????????????????????????Fig. 1.14??????????????????????? ????????????????????????
????????????? ???????? ???????????? ????? ???? ???????????????? ?????????? ??? ??????????? ?????
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??????????????????????????????????????????????????????????????????????????????????????????????
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??????????????????????????????????????? ??????????Fig. 1.14??? ?????????????????????????????








Figure 1.14: Lithostratigraphic summary of IODP Expedition 354 (the upper 250 m) showing lithol-
ogies that constitute >10% of the core (modified after France-Lanord et al., 2016). YYT=Youngest 
Toba Tephra, age after Gasparotto et al., 2000. E. Hux FO= First Occurrence Emiliania huxleyi. 
Ages of E. Hux FO and Brunhes-Matuyama boundary after Gradstein et al., 2012. Gray shaded 
areas highlight the two long-lasting hemipelagic sequences. Upper: Late Pleistocene Hemipelagic 
Layer (250 ka till recent; Weber et al., 2018). Lower: Middle Pleistocene Hemipelagic Layer (1.24-
0.68; Weber and Reilly, 2018). 
?
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?Weber et al., 2018, Weber and Reilly, 2018??????? ??????????????????????????????????????????
Schwenk and Spieß, 2009???????????????????????????????????????????????????????????????????
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1.4? Thesis Outline and declaration of co-author contributions 
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Middle to Late Pleistocene architecture and stratigraphy of the lower Bengal Fan – Inte-























Increased sediment flux to the lower Bengal Fan during the Middle Pleistocene – Internal 
and external controls?
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2? Data and Methods 
?????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????Kudrass et al., 1994; 
Spieß et al., 1998, 2006??? ???? ????????? ???????? ?????????? ???????????????? ???? ????
??????????????????????????????????????????????????????????????????????????????????????
????????????? ?????????????????????? ??????? ??????????????????????????????????????????
????????Fig. 2.1??? ???????????????????? ????????????? ???????????????????????????????????????




Figure 2.1: Overview map of the working area on the lower Bengal Fan and the acquired sediment 
echosounder (Parasound), bathymetry, and multichannel seismic (MCS) datasets utilized in this 
study. A: Bengal Fan outline and surface channels (after Curray et al., 2003). Pink channel: Active 
Channel. Red square shows the location of B. B: Surface channels (after Curray et al., 2003), ba-
thymetry, and tracks of the processed and interpreted (profiles located in the focus area) acoustic 
data. Light blue: SO93 Parasound data; red: SO125 Parasound and MCS data; black: SO188 MCS.  
?
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2.1? Data Acquisition 
2.1.1? SO93 
????????????????????????? ??????????? ?????????????????????????????????????????????? ?????
???????????????????????????????????????????????????????????????????????????????????????????







???????????????????????????Van der Borch et al., 1974?? ????????????????????????????????????????
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?Spieß et al., 2006???????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????France-Lanord et al., 
2001, 2016???Fig. 2.1???????????????????????????????????????????????????????????????????????????
????????????????????????Fig. 2.1?????????????????????? ??????????????????????????? ?????????
???????????????????????????????????????????????????????????????????????????????????????????????
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Figure 2.2: Standard processing flow applied to the SO125 and SO188 MCS data. 
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????????????? ???????????????????? ?????????????? ?????????????????????????????????????????
?????????????????????????????????????? ????????????????????????????????????????????Fig. 2.4???????
????????????????????????????????????????????????????????????????????????????????????????????????







Figure 2.3: Scheme after which the central 
two channels of each hydrophone group 
(SO188 data) were switched in order to main-
tain the correct channel order. 
 
Figure 2.4: Common Midpoint (CMP) binning: 
Shot-receiver pairs of various offsets sharing 
the same (common) midpoint in a pre-defined 
area on the seafloor (bin) are gathered for sub-
sequent velocity analysis, normal moveout cor-
rection and CMP stacking. 
?
2.2.2? Trace editing 
???????????????????????????????????????????????????????????????????? ????????????????????
???? ????????? ????????????????? ???????? ??????? ??????? ????? ????????????? ??????????? ???????? ???
???????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????





2.2.3? Velocity analysis and NMO correction 
???????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????? ????????????????????????????????????????????????????????
















Figure 2.5: Left: CMP gather prior to the normal moveout (NMO) correction. The hyperbolic ar-
rangement of the seismic events due to the with offset increasing travel time (?tNMO). Right: CMP 
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2.2.4? Pre-Stack noise attenuation 
????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????? ???? ?????????????????????????? ?????????????????????????????????????
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??????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????
















2.2.5? CMP-stacking and post-stack noise attenuation 
???????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????




??????????? ?????????????????????????????????? ??????????????????????????????????? ?????????
?????????????????????????????????????????????????????????????????????????? ?? ??????????Fig. 2.6????
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???????????????????????????????????????????????????????????????????? ???????????????? ???? ????
??????????????????????????????????????????????????????????????? ??????????????????????????????
????????????????????????????????????????????????????????????????????????Fig. 2.6???????????? ??









Figure 2.6: CMP stack of Profile GeoB06-253 illustrating the effect of noise attenuation using the 
Vista2014 THOR and 4D-Dec modules and the effect of time migration. A: Ormsby bandpass fil-
tered CMP stack prior to THOR and 4D-Dec noise attenuation. B: CMP stack after applying the 
THOR noise suppression shows significantly enhanced S/N ratio and reflector coherency. C: CMP 
stack after applying 4D-Dec, further improvement of reflector coherency. D: Time-migrated CMP 
stack. Diffraction hyperbola and bow ties are removed and dipping reflectors are moved to their true 
subsurface position.  




2.2.7? Reprocessing SO125 data 
?????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????Schwenk, 2003 (dissertation); Schwenk and Spieß, 2009??????????????
???????????????????????????????????????????????????????????????????????????????????????
??????????? ????????????? ???????????????????????????????????????????????? ? ?????????????
?????????????????????????????????????????????????? ???????? ??????????????????????????????????
???????????????????????????????????????????????????????????????????????????????Fig. 2.7???????
????????????????? ?????????? ??????????????????????? ???????????????????????? ? ???????????





Figure 2.7: Comparison of processed SO125 used in this study (A and C) and processed So125 
published by Schwenk, 2003 and Schwenk and Spieß, 2009 (B and D). The use of a smaller bin 
size and more sophisticated noise suppression applied during the reprocessing of the data en-
hanced reflector coherency, vertical resolution and the imaging of deeper lying structure. Please 
note that A and B and C and D show the same close-up but that the offset is slightly different due 
to technical reasons.  







?Tbl. 2.1????? ????????????? ???? ?????????? ?????? ??????????? ????????????? ??????? ??????????
?????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????? ????????? ??? ?????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????Fig. 
2.8, B and C???????????? ?????????????????????? ?????????????????????????? ?????????? ???????????
??? ???????????????????? ?????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????Fig. 2.8, A 
and B????????????????? ?????????????????????????????????????????????????????????????????????






2.3? Parasound Echosounder Data 
??????????????????????????????????????????????????? ??????????????????????????????????




















Figure 2.8: Comparison of Parasound echosounder (a), watergun (B), and GI-airgun (C) data show-
ing that the high-frequency part of the watergun signal (vertical resolution ~2 m) covers the upper 
~100-120 ms TWT, the same depth range which is penetrated by the very-high-resolution Para-
sound data. Only the low-frequency watergun signal (vertical resolution ~5-7 m) penetrates deeper 
with a resolution likewise the GI-airgun data.  
?
2.4? Swath Bathymetry Data 
???? ??????????????????????????????????????????????????????????????????????????????????
??????????????????? ?????????????????????????????????????? ???????????????????????????














????????????Caress and Chayes, 2017????
?
2.5? Integration of IODP 354 cores and seismic data 
???????????????????????????????????????????????????????????????????????????????????????Fig. 
1.14 and 2.1 and Tbl. 2.2???????????????????????????????????????????????????????????????
??????????????????????????????? ??????????????????????????????????????????????????????????
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Table 2.2: Site Summary of IODP Expedition 354 sites used in this study and the velocities used to 
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3? Sinuosity-controlled deposition along a channel-levee  sys-
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??????????????????????????????????????????????????????????? ????????????????????????????????
????????????????? ??????????????????????????????????????????????????????????????????Curray et al., 
2003??? ???????????????????????????????????? ?????????????????????? ?????????????????????????





????????????????? ?e.g. Komar, 1969; Imran et al., 1998; Peakall et al., 2000; Kneller 2003; 
Straub et al., 2008; Peakall and Sumner, 2015??????????????????????????????????????? ??????
????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????e.g. Peakall et 
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Figure 3.1: A: Overview map of the Bengal Fan (outline of the fan marked by a dashed line, after 
Curray et al., 2003); the pathway of the Active Channel (AC) is indicated in blue. IODP Expedition 
354 sites at 8°N are marked by yellow dots. B: Bathymetric map of the study area at 8°N (red square 
in A) illustrating the AC pathway, IODP 354 Sites U1454 and U1455 as well as the acoustic dataset 
used in this study. MCS: Multichannel seismic. 
?
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?????????????Fig. 3.1???Kuehl et al., 1989;?Curray et al., 2003; Kottke et al., 2003????????????????
?????????????????????????????????????????????????????????????????????????????????????????????
??????????????????Hübscher et al., 1997; Weber et al., 1997, 2003; Hein et al., 2017????????
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?Weber et al., 2003????
?
3.1.2? Channel-Levee systems 
?????????????????????????????????????????????????????????????????????????????????????????
?????Hübscher et al., 1997; Curray et al., 2003??Schwenk et al., 2005; Schwenk and Spieß, 
2009??????????????????????????????????????????????????????????????????????????????????
?e.g. Lopez 2001; Pirmez and Imran, 2003; Jegou et al., 2008; Savoye et al., 2009; Babonneau 
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????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
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Jegou et al., 2008; Savoye et al., 2009; Picot et al., 2016????
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et al., 2008, 2010; Ezz et al., 2013???????????????? ???????e.g. Imran et al., 1998; Amos et al., 
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????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????Straub et al., 2008; Amos et al., 2010; Kane et al., 2010; Huang et al., 2012???????
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Figure 3.2: Sketch of a channel-levee system (A) illustrating its 
general geometry and the two major modes of deposition: Con-
tinuous overspill (B) and overspill via flow stripping (C). Modified 
after Hansen et al., 2015. 
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3.2.2? Relative volume and flux calculations  
???? ????????????????????????????????????????????????????????????????????????????????????
??????????????? ???????????????????????????????????????????????????????????????????????????????








??????????? ????DBD ???? ???? ????? ????????????????? ??????? ????? ??????????? ???? ?France-
Lanord et al., 2016???
?
???? ??? ???????? ?




3.2.3? IODP Expedition 354 Site U1454 
?????????????????????????????????????? ??????????? ?????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????
???????????????Figs . 3.1 and 3.3???????????????????????????????????????????????????????????
????????????????????? ???????? ????????????????????????????????????????????? ??????????????????




??????????? ????????????????????????????? ?????????????????????????? ??????????????? ?????
??????????????????????????????????????????
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3.2.4? Radiocarbon ages 
??????????????????????????????????????????????????????????????????????????????????????????










3.3.1? Seafloor morphology 
??????????????????????? ????????????????Fig. 3.1?????????????????????????????????? ???????
??????????????????????????????????????????????????????????????? ???????????????????????











Figure 3.3: Central part of Parasound Profiles GeoB97-020 (A), GeoB97-025 (B) and GeoB97-023 
(C) showing the Active Channel (AC) and corresponding levees as well as IODP Site U1454. For 
location see Fig. 3.1. Note that the profiles are strongly vertically exaggerated. 
?
3.3.2? Overall channel-levee architecture  
???? ?????????? ?????????? ???? ??? ????? ?????????? ???????? ??????????? ?Figs. 3.1 and 3.3??
????????????? ?????????????????????????????????????????? ?????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????? ??????????????????? ?????????? ??????????????????????????
???????????????Fig. 3.3????????











Figure 3.4: A: Integration of Parasound data and Site U1454 lithology with resulting levee units. B: 
MCS data illustrating internal channel architecture. For location see Fig. 3.1. Note that A and B 
show the same along-profile section but have different vertical exaggeration. 
?




3.3.3? Levee units by Parasound– lithology integration 
?????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????Fig. 3.3????????????
????????????????????Fig. 3.4?? ???????????????????????????????????Table 3.1???
?
Table 3.1: Summary of levee units including their acoustic properties, external geometry, lithology, 
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Acoustic Unit LU 
???? ?????????????????? ????????????????????????????????? ??????????????????????????????????





????? ?Fig. 3.4?? ??????????? ???????? ????? ???????????????? ?????????? ?France-Lanord et al., 
2016????????????????????????????????????????????????????????????????????????????????????????????????






















?????? ?Fig. 3.3??? ??? ??? ????????? ??? ???? ???????????? ??? ????????? ???? ??? ??????? ???? ????????
??????????????????????????????????????????????????????????????? ?????? ??????????????????????











Figure 3.5: Parasound profile running parallel to the AC in the southern study area crossing an 
abandoned and filled channel segment. For location see Figure 3.1. 






Figure 3.6: Thickness maps based on Parasound data showing (A) the entire levee, (B) the lower-
most turbiditic Unit TU1, (C) Unit TU3, and (D) the uppermost turbiditic Unit TU4. Contour lines 
represent the underlying topography. 
?
 Unit TU3 
???????????????? ????????? ???????????????????????? ??? ??????????????????????????????????
?????????????????????????????????????????????????????Fig. 3.3???????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????
????????????????????Figs. 3.3 and 3.5????????????????????????Fig. 3.6C????????????? ????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????????
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?Tbl. 3.2????????????????????????? ?????????????????????????????????????????????????????????????????























3.3.4? Other structural features 
Buried channels 
Figure 3.5????????????????????????????????????????????????????????????????????????????????












C?????????????????????????????????????????????Fig. 3.3B and C?????????????????????????????????
????????????????????????????????????????
?
Channel thalweg  
????????????????????????????Fig. 3.4B???????????????????????????????????????????????????
?????????????????????????????????? ???????????????????????????? ?????????????????????????
?????????????????????????????? ????????????????????????????? ???????? ???????????????????? ????
?????????????????????????????????????????????????????????????????????????????????????????????
???????????? ??? ???????????????????????????????? ???????????? ??????????????????????????????????
?? ?????????????????????????????Fig. 3.4B????????????????????????????????????????????????????????
????????????????????????????????????????????????? ????????????????????????????????????????????????
???????????????????????????????????????? ?????????????????????????Schwenk et al., 2005; Babon-




3.3.5? Stratigraphic framework 
???????????????????????????????????????????????????????????????????????????????????????
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Figure 3.7: A: Radiocarbon dates measured within the sediments of Site U1454 on foraminifera 
(triangles) and wood fragments (diamonds); together with the interpreted age model for the levee 
of the Active Channel at 8°N (red line). Levee unit boundaries (horizontal lines) and unit names 
are indicated for orientation. Gray highlighted areas mark times of active overspilling to the levee. 
B: Ice-volume equivalent sea-level (Lambeck et al., 2014) plotted on the same timescale for com-
parison. LGM=Last Glacial Maximum. Gray highlighted areas mark times of active overspilling to 
the levee of the Active Channel at 8°N.  
?





3.4.1? Evolution of the Active Channel-Levee System 
Depositional processes 
????? ??????????????? ??? ???????????????? ?????? ?Figs. 3.4 and 3.8A?? ???? ??? ???????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????Jegou et al., 2008;?Picot 
et al., 2016????????????????????????????????????????????????????????????????Fig. 3.8A???
????????????????????? ???????????????????????????????????????????????????????????????????????





?Figs. 3.5 and 3.6???????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????
Posamentier and Kolla, 2003????????????????????????????????????????????????????????? ????????
???????????????????????????????????????????????????????????????????Figs. 3.4 and 3.5?????????







?????????????? ???? ???? ???? ???? ??????????? ??? ?????????? ???????????? ???? ?????????
?Fig. 3.8C, F????
??????????????? ???? ????????????? ?????????????????????????? ?????????????????????? ???????? ?????
?????????????????????????????????????????????????????????????????????????????????????????????
???? ?????????????????? ?????????????????????????????????????????Figs. 3.4 and 3.8???????????
???????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????Piper et al., 1997; Lopez 2001; Savoye et al., 2009; Babonneau et 
al., 2010??
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Stratigraphic context and sedimentation rates 
????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????
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???????????????????????????????????????????????????????????????????????????????????????????
?????????????? ???????????????????????????????????????????Weber et al., 1997??????????????Hein 
et al., 2017???????????????????????????????????????????????????????????????????????????????????




??? ?????????????????????????????????????Piper et al., 1997; Lopez, 2001; Droz et al. 2003; 





















Figure 3.8: Schematic sketch of the evolution of the Active Channel-levee system in the vicinity of 
Site U1454 and the relationship between channel sinuosity and overspill deposition. The front view 
corresponds to Profile GeoB97-020. Blue arrows represent overspill deposition. Thick blue arrows 
furthermore represent the direction of maximum overspill. Orange arrows indicate hemipelagic dep-
osition. A: Channel initiation and lobe deposition; B: Deposition of the first two levee units; C: Inter-
ruption of levee growth, hemipelagic deposition on the levee, only channel-confined turbidity cur-
rents. D and E: Reactivation of levee growth simultaneously with the westward migration of the 
channel thalweg. F: Again interruption of levee growth, hemipelagic deposition on the levee, turbid-
ity currents are confined to the channel.  









??????????????????????????????????????????????????????????????????Hein et al., 2017???????
????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????? ??????????????????
??? ??Fig. 3.4B????????? ????????? ????? ??????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????Kneller, 2003?????????????????
????????????????????????????? ?????????????????? ?????????? ??? ???????????????????? ?????????????
??????????????????????????????????????????????????????????????????????????????????????????????
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3.4.2? Overspill sedimentation as a function of the channel geometry 




????????? ??? ????????????? ?????????????????? ??????????????Figs. 3.3 and 3.6D??????????????







?????Figs. 3.3 and 3.6?????????????????????????????????????????????????????????????????????
























Figure 3.9: Local depocenter migration and channel pathway (green, gray and yellow line) recon-
struction in the vicinity of Site U1454 of the three levee units (from old to young) TU1 (A), TU3 (B) 
and TU4 (C); Colors indicate sediment thickness of the corresponding unit. Please note that the 
colorscale for the three units represent different absolute values. Black arrows highlight the up- and 






??????????????????????? ?????????????? ??????????????????????????????????????Peakall et al., 2000, 
2007; Straub et al., 2008; Kane et al., 2010; Huang et al., 2012?????????? ???????????????????
???????????????????????????????????????????????????????????????????????????????? ?????????









???????????????????????????????? ?????????????? ????????????????????????????????????? ??????????????
?????????????????????????????????????????????????????????????????????????????????????Savoye 
et al., 2009??????????????????????????????????????????????????????????????????????????? ???????????




Figure 3.10: Top view on the meander bend next to Site U1454. A: Bathymetric map showing the 
recent channel thalweg (pink line), the recent channel flanks (black, solid line) and the outline of 
terraces formed during the migration of the meander (black stippled lines). B: Schematic sketch of 
the shift of the overspill direction due to increasing meander sinuosity and the subsequent shift of 
the main depocenter.  
?
Sediment fluxes  
???????????????????????????????????????????????????????????????????????????????????????????????????
?? ????????????????????????????????????????????????Fig. 3.6A??????????????????????????????????
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Table 3.2: Calculated 2D-cross-sections and mass accumulation rates for the three turbiditic units 
TU1, 3 and 4.  
?? ???? ???? ???? ??????
?????????????????????????
???? ???? ????? ????? ????? ??
?????????????????????????
????????????????????? ????? ????? ????? ?????
???????????????
????????????????????? ????? ????? ????? ?????
?????????????? ?? ???? ???? ????
?????????????? ???? ???? ???? ??
? ? ? ? ?
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4? Middle to Late Pleistocene architecture and stratigraphy of 
the lower Bengal Fan – Integrating multichannel seismic 
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?Fig. 4.1???Emmel and Curray, 1983; Curray et al., 2003??????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
??? ?????? ???????????????? ???????????????????????????Curray et al., 2003; Gibbons et al., 
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4.8???Gopala Rao et al., 1997; Krishna et al., 2001a; Bastia et al., 2010a?????????????????????????
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???????????????????????????????? ??????????????? ??????????????? ???????????????????????
????????????????????????????????????????????? ???????????????????????????????Curray et al., 
2003; Schwenk and Spieß, 2009???





Figure 4.1: Overview map of the Bengal Fan. Black and red lines: Surface channels after Curray 
et al., 2003; Grey lines: Multichannel seismic profiles as shown in Figure 4.8; Red square: Study 
area. SoNG=Swatch of No Ground. Tectonic features and fan outlines redrawn after Curray et al., 
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?????????????????????????? ???????????????????????????????????????????????????????????????
???????????? ???????????????????????????????????????????????????????????????Swatch of No Ground?
?????????????? ??? ???????????????? ????????? ??? ???? ?????Kuehl et al., 1989; Kottke et al., 2003; 
Michels et al., 2003????
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?
1.1.2? IODP Expedition 354 
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?????????????????????????????????????????????????????????????????????????????????






Figure 4.2: Lithostratigraphic summary of Expedition 354 showing lithologies that constitute >10% 
of the core (modified after France-Lanord et al., 2016). YYT=Youngest Toba Tuff, age after Gas-
parotto et al., 2000. LPHL= Late Pleistocene Hemipelagic layer. E. Hux FO= First Occurrence 
Emiliania huxleyi. MPHL=Mid Pleistocene Hemipelagic layer. Ages of E. Hux FO and Brunhes-
Matuyama boundary after Gradstein et al., 2012. Gray shading highlight sediments of Subfan C. 
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4.2? Data and Methods 
????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????? ?????




Figure 4.3: Bathymetric map of the study area at 8°N. Black and red lines: Multichannel seismic 
profiles used in this study. Yellow dots: IODP Expedition 354 drill sites. AC, E4, E5, and E6: Surface 
channels after Curray et al., 2003. 
?
4.2.1? Data acquisition and processing 
?????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????
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??????????????? ????????????? ? ?????????????????????????????????????? ????????????????????
?????????????????????????Figure 4.3??????????????????????????????????????????? ??????????
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Lanord et al., 2016????
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Figure 4.4: Top: Uninterpreted multichannel seismic data near Site U1453 and channel E4. 
MS=Magnetic Susceptibility, onboard measured, SI-units (France-Lanord et al., 2016). Bottom: In-
terpreted multichannel seismic data near Site U1453 and channel E4 including the main architec-
tural elements of channel-levee systems (channel fill, point bars, levees) intercalated by HAPRs 
(high amplitude reflection packages) and Hemipelagic Layers. LPHL=Late Pleistocene Hemipelagic 
layer. MPHL=Mid-Pleistocene Hemipelagic layer. For location see Fig. 4.5. 
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2009??
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4.3.1? Seismic facies definition and their link to drilling results 
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???????????????????????????????????????????????????????????????????????? ???????? ?????????????










??????????????Figs. 4.4 and 4.5???
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4.3.2? Regional deposition of hemipelagic sediments 
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???????????????????????????? ??? ????????????????????????????????????Fig. 4.7??????????????????
?????? ????? ??? ????????? ??? ?? ??????????? ???????????? ??????? ?????????? ???? ??????? ??? ????????????
????????????????? ??????????????????????Fig. 4.2???????????????????????? ??? ????????????????
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Figure 4.5-Part1: Top: Uninterpreted multichannel seismic Profile GeoB97-020+27 and IODP Ex-
pedition 354 drill sites. Bottom: Interpreted line drawing of Profile GeoB97-020+027 indicating 
channel-levee systems (CLSs) and their succession (numbered upsection).Yellow CLSs=Subfan 
C, blue CLSs=Subfan D. LPHL= Late Pleistocene Hemipelagic layer. E. Hux FO= First Occur-
rence Emiliania huxleyi. MPHL=Mid Pleistocene Hemipelagic layer. For location see Fig. 4.1, 4.3 
? ?






Figure 4.5-Part 2: Top: Uninterpreted multichannel seismic Profile GeoB97-020+27 and IODP Ex-
pedition 354 drill sites. Bottom: Interpreted line drawing of Profile GeoB97-020+027 indicating 
channel-levee systems (CLSs) and their succession (numbered upsection).Yellow CLSs=Subfan 
C, blue CLSs=Subfan D. For location see Fig. 4.1, 4.3; for legend see Fig. 4.5-Part1. 
?




The Late Pleistocene Hemipelagic layer 
????????????????????????????????????????????????????????????????????????????????????????????
?????? ??? ????????????????????????????????????????????????????????????????????????????????????







Figure 4.6: Thickness map of the Mid-Pleistocene Hemipelagic layer (MPHL). Conversion of two-
way travel time into meters has been conducted with a velocity of 1530 m/s. 
?
4.3.3? Channel-levee systems 
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4.3.4? Unchannelized turbiditic sediments 
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4.4.1? Regional depocenter migration 
Hemipelagic vs. turbiditic deposition 
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Timing of subfans 
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?????? ???????????????????Fig. 4.7????
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????Weber and Reilly, 2018???????Curray et al., 2003?????????????????Fig. 4.7????
Figure 4.7: Subfan sequences as interpreted by 
Curray et al., 2003, Schwenk and Spieß, 2009 
and this study and simultaneously deposited 
hemipelagic layer (this study). Naming of subfans 
in this study after naming from Curray et al., 2003. 
Dating of subfans in this study based on Weber et 
al., 2018 and Weber and Reilly (in review). 
LPHL=Late Pleistocene Hemipelagic Layer; 
MPHL=Mid-Pleistocene Hemipelagic Layer. 
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Regional extension of subfans 
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Figure 4.8: A-C: Interpreted map of subfans B (red), C (yellow) and D (blue) based on IODP Exp. 
354, IODP Exp. 353 Site U1444, Multichannel seismic profiles GeoB97-059/69, 041, 028 and 
020+27 (Schwenk and Spieß, 2009 and this study). Surface channels and the position of subfans 
on the upper Bengal Fan (thin colored lines) after Curray et al., 2003. D: Sketch of the subfans B, 
C and D in cross section along the multichannel seismic profiles GeoB97-059/69, 041, 028 and 
020+27 (Schwenk and Spieß, 2009 and this study). Ua-Ug=Unconformities after Schwenk and 
Spieß, 2009. W1-W5, AC, E3-E6=Surface channels after Curray et al., 2003 and Schwenk and 
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4.4.2? Sand deposition 
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4.5? Summary and Conclusions 
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5? Increased sediment flux to the lower Bengal Fan during the 
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Figure 5.1: Overview map of the Bengal Fan (blue stippled line). Yellow shaded area: Subfan C 
deposition after Chapter 4. Black lines: Surface channels associated with Subfan C; red line: young-
est channel-levee system (Active Channel), formed after the abandonment of Subfan C. Surface 
channels after Curray et al., (2003). Multichannel seismic Profile GeoB97-020+27 at 8°N, crossing 
all IODP Expedition 354 drill sites, marked in red. Tectonic features and fan outline are redrawn 
after Curray et al., 2003; Bastia et al., 2010a, b; Choudhuri et al., 2014; McNeill et al., 2017a. 
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5.1.2? The Bengal Fan - Chrono- and Seismic Stratigraphy 
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Figure 5.2: Lithostratigraphic summary of the upper 200 m of cores drilled during IODP Expedition 
354. Only lithologies that constitute >10% of the core are included (modified after France-Lanord 
et al., 2016). LPHL= Late Pleistocene Hemipelagic Layer. MPHL=Middle Pleistocene Hemipelagic 
Layer. BAR1-3: Brunhes-aged Reflectors representing thin hemipelagic layers. Gray shaded area: 
Subfan C sediments. For locations of cores see Figs. 5.1, 5.3. 
?
Core-Seismic integrated age model 
Reilly et al. (in prep)?????????????????????????????????????? ???????????????????????????????
????????????????????????????? ????????????????????????????????????????????????????????????? ?????
?????????????????????????????????????????????????????????????????????????????????????????
??????????????Mark et al., 2017????????????????????Emiliania huxleyi???????????????????Gradstein 
et al., 2012??????? ????????????????????????????????????? ???????? ???????????????????????
??????????????????????????????????Channell et al., 2016??? ??? ???????? ??????????????????????
???? ??????????????????????????? ????????????????????????????? ????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????Chapter 4????
?????????????????Reilly et al. (in prep)???????????????????????????????????????????????????????
????????? ???????? ?????? ??????????????????????????? ??? ??????????????? ????? ???? ?????? ???????????




?????????? ????????????????????????????????? ????????????? ????? ???????? ??????????????????
??????????????????????????????????? ??????France-Lanord et al., 2016; Reilly et al. (in prep?????




et al., 2018; Weber and Reilly, 2018??????????????????????????????????????????????? ??????
??????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????? ?????????????????????????????????????????????????
????????????????????????????????????????????????????????????Reilly et al. (in prep?????
?
5.2? Data and Methods 
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5.2.2? Integration of datasets 
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5.3.1? Subfan C (~0.68-0.25 Ma) 
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Figure 5.3: Top: Uninterpreted multichannel seismic Profile GeoB97-020+27. Bottom: Interpreted 
line drawing of Profile GeoB97-020+027 indicating channel-levee systems (CLSs) and their suc-
cession (numbered upsection). Highlighted in gray=Subfan C. Yellow CLSs belong to Subfan C, 
blue CLSs belong to Subfan D. LPHL= Late Pleistocene Hemipelagic Layer. E. Hux FO= First Oc-
currence Emiliania huxleyi. BAR1-3: Brunhes-Aged Reflectors. MPHL=Middle Pleistocene Hemi-
pelagic Layer. IODP Expedition 354 sites are marked by vertical black lines. For location see Fig. 
5.1. 






Figure 5.4: Top: Uninterpreted section of multichannel seismic Profile GeoB97-020+27 focusing on 
Subfan C deposits. Bottom: Interpreted line drawing indicating channel-levee systems (gray) and 
hemipelagic layer intercalated into Subfan C (BAR1-3). LPHL= Late Pleistocene Hemipelagic 
Layer. E.Hux FO= First Occurrence Emiliania huxleyi. MPHL=Middle Pleistocene Hemipelagic 
Layer. IODP Expedition 354 sites are marked by vertical black lines. For location see Fig. 5.1, 5.3. 
?
BAR1-3 – Regional Hemipelagic layer 
??????????????????????????????????????????????Reilly et al. (in prep??????????????????????????????
?????????????????????? ??????????????????????????????????????? ???????????????? ????????????
?????? ??? ????????????? ???????????????????????????????? ??? ????????? ????????????????????
Fig. 5.4???????? ??????????????????? ????????????????????????????????????????????????????
??????????????????????????????????Fig. 5.4??????????????????????????????????????????
???????????????????????????????????????????????????????Fig. 5.4??? ??????????????????????
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?Tbl. 5.1???????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????Reilly et al. (in prep????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????
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Figure 5.5: Sum age probability distribution of all observations of Brunhes Age Reflectors (BAR1 
(pink), BAR2 (yellow), and BAR3 (green)), calculated from all ages in the interval between the up-
permost and lowermost depth estimates based on seismic data (at IODP sites U1453, U1452 ad 
UI1449); after Reilly et al. (in prep.) The global sea level and marine isotope stage (MIS) numbers 
are included for comparison (Spratt and Lisiecki, 2016). Modified after Reilly et al. (in prep.).  
?
Subfan C - Subunits 
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???????????????????
?????????????????????????????Figs. 5.3 and 5.4????????????????????????????????????????????
???????????????????????????????????????? ??????????????????????????????????????? ???? ????
??????????????????????????????????????????????????????????????????????Figs. 5.3 and 5.4???


















Table 5.1: Summary of BAR correlation with calcareous clay layers (CCL) at IODP Expedition 354 
drill sites (France-Lanord et al., 2016) and mean BAR-layer ages and the 97.5% confidence interval 
for all sites where the layer ages have been reliably modeled (ages after Reilly et al. (in prep.)). 
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Chapter 5 – Middle Pleistocene flux to the lower Bengal Fan?
96 
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5.3.2? Accumulation rates 
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Table 5.2: Summary of the four subunits of Subfan C including their bounding reflectors, ages, 
duration, mean accumulation rates, and mass accumulation rates (MAR). *MARs are calculated for 
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Figure 5.6: Top: Thicknesses of the four subunits C1-C4 along MCS Profile GeoB97-020+27. Bot-
tom: Accumulation rates of the four subunits C1-C4 along MCS Profile GeoB97-020+27. Where 





5.3.3?Migration and recurrence of channel-levee systems 
???????????????????????Reilly et al. (in prep)???????????????????????????????????????????????
?????????Chapter 4??????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????????












Figure 5.7: Absolute channel-levee ages vs. their lateral migration along MCS Profile GeoB97-
020+27 (see Fig. 3). Green diamonds: Ages modeled, after Reilly et al. (in prep.). Error bars repre-
sent the 97.5% confidence interval. Blue circles: Interpolated ages. Unfilled symbols: Ages modeled 
at Site U1450 where age uncertainties are larger. Age distributions of BAR1-3 (see Fig. 5) are 
plotted for orientation. LPHL: Late Pleistocene Hemipelagic Layer. MPHL: Middle Pleistocene Hem-
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Figure 5.8: Bar plot illustrating the volume percentage of 
the four subunits C1-C4 (top) together with their absolute 
duration (bottom). *Mass accumulation rates calculated 
for a volume extrapolated for 1 km along-fan. 
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Appendix 1: Middle to Late Pleistocene Evolution of the Bengal 
Fan at 8° North: Integrating Core and Seismic Observations for 
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